ABSTRACT
INTRODUCTION
Copper is an essential trace element of life for all organisms. It can exist in two redox states, which makes it an essential component of the active site of a number of cuproenzymes in prokaryotes and eukaryotes. Excess copper can be toxic to the cell, because it can lead to free radical formation through Fenton chemistry. Hence, these antagonistic properties necessitate a tight regulation of copper * To whom correspondence should be addressed.
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homeostasis. Specialized pathways have evolved that are involved in copper uptake and detoxification. Several of these pathways have been extensively studied in the eukaryote Saccharomyces cerevisiae ( Fig. 1 ) (for reviews see Pena et al., 1999; O'Halloran and Culotta, 2000; De Freitas et al., 2003) .
Copper can be imported into the yeast cell by the copper transporters Ctr1-3p (Kampfenkel et al., 1995) . The ferric/cupric reductases, Fre1p and Fre2p, are required for the reduction of copper from the Cu(II) to the Cu(I) state before transport (Dancis et al., 1992 (Dancis et al., , 1994 Georgatsou and Alexandraki, 1994; Georgatsou et al., 1997) . Once inside the cell, copper can be used in a variety of pathways. One of these pathways leads to the incorporation of copper into the mitochondrial cytochrome c oxidase complex and requires the accessory factors Sco1p and Cox11p (Glerum et al., 1996a,b; Carr et al., 2002) . Two other pathways are mediated by the small cytosolic chaperones Ccs1p (Lys7p) and Atx1p Pufahl et al., 1997) . Ccs1p is needed to incorporate copper into the superoxide dismutase Sod1p. The pathway mediated by the copper chaperone Atx1p shuttles copper to the Golgi system where it is imported by the P-type ATPase Ccc2p for incorporation into Fet3p/Fet5p (Fu et al., 1995) . Fet3p and Fet5p are paralogs and form a complex with the Ftr1p and Fth1p proteins, respectively Spizzo et al., 1997) . The paralogous proteins Ftr1p and Fth1p are high-affinity iron transporters that need the oxidase function of Fet3p/Fet5p to function (Stearman et al., 1996) . The copper requirement for high-affinity iron transport provides an intimate link between copper and iron metabolism, which is reflected in the combined transcriptional regulation of the two systems in S.cerevisiae (Yamaguchi-Iwai et al., 1995) . In addition to its role in iron transport, Fet3 is also involved in copper resistance, as a f et3 strain shows an increased copper sensitivity compared with wild-type yeast (Shi et al., 2003) . It has been known for some time that several genes involved in copper homeostasis are well conserved between eukaryotes and prokaryotes. For example, sequence similarity to a bacterial protein was a major factor in assigning function to the P-type copper transporting ATPase ATP7A in humans Following import, copper can be shuttled into one of three pathways by one of three copper chaperones. The pathway that targets copper to the mitochondrion is indicated in green. The route from the cell membrane to the mitochondrion is indicated with a dotted line, since the proposed role of Cox17 as a copper chaperone has recently been questioned (Maxfield et al., 2004) . The proteins of the Atx1p pathway, linking the copper and iron metabolism in S.cerevisiae, are indicated in red. Only the copper import system and the Atx1p pathway were used for the genome analysis. Further details of the figure are discussed in the text. (Chelly et al., 1993; Mercer et al., 1993; Vulpe et al., 1993) . Prokaryotic counterparts have also been described for the S.cerevisiae Atx1p, Ccc2p and Fet3p proteins (Odermatt et al., 1993; Odermatt and Solioz, 1995; Outten et al., 2000) . However, the degree to which putative homologs in other prokaryotes have retained their function, and whether they function in similar pathways, is less clear. We aim to investigate the extent to which the elements of the S.cerevisiae copper import system and the pathway mediated by Atx1p are present in a set of completely sequenced prokaryotes. Protein families were constructed from a set of 80 completely sequenced, non-redundant prokaryotic genomes, based on similarity to proteins from the copper import system and the Atx1p pathway. We then assigned all the family members to a pathway, based on the function of other proteins with which they co-occurred in prokaryotic operons. Prokaryotic operons consist of a group of genes that are transcribed into a single mRNA. Occurrence of genes within an operon therefore implies co-regulation and provides important evidence that the proteins encoded by these genes function in the same pathway (Teichmann and Babu, 2002) . To display and annotate operon structures we have developed a Webbased tool called SHOPS, which has been made available online.
SYSTEMS AND METHODS

Protein family construction
A set of 114 completely sequenced prokaryotic genomes present in GenBank on April 20, 2003 was used in a sequence similarity search of S.cerevisiae proteins involved in copper pathways. An iterative Smith-Waterman search of all the protein sequences derived from these genomes was done with a seed set of sequences using the SCANPS program. Reported hits of the initial query were used as seeds for another round of searching and this process was repeated for a total of two iterations. The results of the iterated similarity search were stored in a relational database. Protein families were then constructed by filtering the results on the length overlap between query and hit sequence and E-value cutoffs at each iteration (see Supplementary website). We applied restrictions on length overlap to limit the results to full-length proteins. This was especially necessary to make a distinction between the Atx and Ccc families, since the Atx family contains a domain that also occurs in several members of the Ccc family. For final analysis, the proteins from closely related organisms were removed to avoid biases (see below). This resulted in a set of 80 non-redundant genomes (Supplementary Figure 2 ). All proteins were analyzed for domain composition using InterProScan v6.0 and TMHMM v2.0c (Krogh et al., 2001; Mulder et al., 2003; Bateman et al., 2004; Letunic et al., 2004) . The results were added to the database, together with GenBank annotations and clusters of orthologous groups (COGs) assignments. A complete overview of the dataset used for the analysis and the resulting protein families can be found at the supplemental website (http://humgen.med.uu.nl/publications/vanbakel/pathway/).
Operon analysis
We examined the functional context of the proteins found in the similarity search by looking at the co-occurrence with other proteins in an operon. Operon predictions, based upon log-likelihood analysis of intergenic distances, were kindly provided by Moreno-Hagelsieb (Moreno-Hagelsieb and Collado-Vides, 2002) . Genes bordering putative predicted operons were considered to be part of a conserved gene neighborhood when they were part of a similar operon in other organisms. In addition, no other genes were allowed to be located between the gene and the operon on either strand. All annotations and adjustments are indicated in our online database. Homologous proteins between operons were identified according to the COGs list as defined in the COG database of the National Center for Biotechnology Information (Tatusov et al., 2001) . This list was extended further with additions made by the authors of the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (Snel et al., 2000; von Mering et al., 2003) . The proteins of organisms for which no COG assignment was available were mapped to the existing COGs using the BLAST program (Altschul et al., 1997) . A protein was assigned to an existing COG group when the two top hits belonged to the same COG group with a reported E-value of <10 −6 and a minimum match length of 80%.
SHOPS
The SHOPS (SHow OPeron Structure) tool was developed to display the genomic operon context for a group of proteins, i.e. a protein family. It uses operon predictions together with positional information to create a scaled graphical overview of the operon context. Genes encoding proteins that can be assigned to the same COG are colored identical. Operon predictions are based upon log-likelihood analysis of intergenic distances (see above). Positional information for each gene in the genome was extracted from GenBank genomes at ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/ (Benson et al., 2003) . A group of proteins can be supplied as a list of SwissProt identifiers or as FASTA-formatted sequences. Inputted sequences are used in a SSAHA search to find the corresponding SHOPS database entry (Ning et al., 2001) . SHOPS currently holds information on 114 completely sequenced prokaryotes (Supplementary Figure 1) . The operon overview for the Ftr family is available on the website as an example of SHOPS output (Supplementary Figure 4) .
Phylogenetic analyses
The program T_COFFEE v1.37 was used with default settings to create multiple alignments of the protein families obtained from the similarity searches (Notredame et al., 2000) . When necessary, manual refinement was performed using the SEAVIEW program (Galtier et al., 1996) . Proteins from closely related organisms, e.g. different strains of the same organism, were excluded from the analysis. Phylogenetic trees were constructed using the neighbor-joining method with a correction for multiple substitutions according to Motoo Kimura (Kimura, 1980) . Bootstrapped neighborhoodjoining trees were constructed from 100 bootstrap replications using CLUSTALX program (Thompson et al., 1997) and tree figures were generated with NJPLOT. The programs can be found at the following locations: SEAVIEW, http://pbil.univ-lyon1.fr/software/seaview.html; T_COFFEE, http://igs-server.cnrs-mrs.fr/~cnotred/Projects_home_page/ t_coffee_home_page.html; and CLUSTALX/NJPLOT, http:// www-igbmc.u-strasbg.fr/BioInfo/ClustalX/Top.html.
Selection of non-redundant genomes
In order to avoid biases in the protein families and operon analysis, closely related organisms were excluded from the analysis. The distance between two organisms was estimated by the fraction of proteins in one organism with a close match in the other. All proteins in all organisms were compared with the BLAST program (Altschul et al., 1997) . Hits with a bitscore >100 were assumed to indicate significant sequence similarity. Two organisms were considered too closely related when the difference in their genome size was <30%, and the number of significant hits between the two genomes relative to the smallest genome was >80%. The organism first in alphabetical order of taxonomy names was retained in our analysis whereas we removed the other.
RESULTS
Collection of protein families
A set of 11 proteins comprising the copper import system and the Atx1p pathway in S.cerevisiae was selected based on data from literature. These proteins have been shown to directly interact with each other and are regulated by the same transcription factors. The genes of the copper import system included Ctr1-3p and Fre1-2p. The Atx1p pathway group included proteins involved in transport of copper to the Golgi system (Atx1p, Ccc2p), and the target copper proteins (Fet3p, Fet5p). The high-affinity iron transporters Ftr1p and Fth1p were also included as part of the Atx1p pathway to investigate whether the intimate relationship between copper and iron metabolism found in S.cerevisiae extends to other organisms. The 11 seed proteins were used in a search for putative protein family members in a set of 80 non-redundant prokaryotic genomes (Supplementary Figure 1) . The similarity search was done in several iterations to identify the most Fig. 2 . Analysis overview. The sequence analysis section outlines the procedure to collect and curate the protein families. The operon analysis section shows how the gene families, annotation data and operon lists were integrated into the SHOPS annotation tool. Phylogenetic trees were used to display the operons in their evolutionary context. The data from all the analysis steps, as well as operon annotations, was stored in a relational MySQL database. References to the source data sets used in the analysis can be found at the Supplementary website http://humgen.med.uu.nl/publications/vanbakel/pathway/ distant family members. An overview of the strategy we used to collect the protein families and the subsequent analyses is outlined in Figure 2 . All data on the similarity search, including analysis scripts, filtering thresholds and annotations, can be found at the Supplementary website. However, sequence similarity does not necessarily imply functional equivalence. Including proteins that have a different function from the seed protein could introduce a bias in the analysis of pathway conservation. We therefore excluded proteins found in the similarity search when there was clear evidence for a differentiation in function. This resulted in the removal of two proteins from the Ftr family that both contained an additional class I cytochrome c domain besides the Ftr domain. Six proteins in the Atx family did not contain the known metal-binding CxxC motif. Additional amino acids known to be involved in copper coordination are histidine and methionine. These residues were either not present in these proteins or not in a configuration to form known complete metal-binding motifs as determined by motif searching and domain analysis using SMART, PFAM and InterPro (Mulder et al., 2003; Bateman et al., 2004; Letunic et al., 2004) . The absence of a likely copper-binding motif makes a role in copper transport improbable, and we therefore removed the proteins from the Atx family. The Ccc family was restricted to only include proteins with the distinct InterPro copper-translocating P-type ATPase motif (IPR006403). This led to the exclusion of 217 family members involved in the transport of a large variety of substrates other than copper. Finally, four proteins were removed from the Fet family because they could not be reliably aligned in a Table 1 lists the protein families resulting from the similarity search and subsequent manual curation. A Web interface to the annotated protein families has been made available at the supplemental website. The gene families are named according to the seed genes that were used to identify the particular family. In addition to the 11 seed genes, two additional S.cerevisiae paralogs were found for the Ccc and the Fet family, as well as six paralogs for the Fre family. None of the elements of the Ctr copper import system from S.cerevisiae could be traced back to the prokaryotic domain. An extended PSI-BLAST search, including sequence data available from 140 unfinished microbial genomes, also did not produce any hits. Furthermore, the copper transporter family defined in the PFAM database (PF04145) does not include any prokaryotic member, although we did find a high level of conservation for the four families constituting the Atx1p pathway. Of these families, the Ftr family was least represented, with family members present in only 25% of prokaryotes. The Ccc family was best represented with a presence in 79% of prokaryotes. The presence of Atx1p pathway family members is, in general, slightly lower in archaea than in bacteria.
The degree to which the complete Atx1p pathway was already present in prokaryotes was first assessed based on the co-occurrence of the family members constituting the pathway in each prokaryotic genome. A full overview of the present/absent analysis in all species can be found on our website (Supplementary Figure 2) . Additionally, we investigated the co-occurrence of members of the four protein families in a single operon structure. Distance-based operon predictions on all prokaryotes in the dataset were kindly provided by Moreno-Hagelsieb (Moreno-Hagelsieb and Collado-Vides, 2002 ). An overview of the co-occurrence of family members in different organisms is shown in Table 2 . Only 6 species out of the total set of 80 prokaryotes were found to contain members of all 4 protein families: Streptomyces coelicolor, Nostoc sp., Bacillus subtilis, Brucella melitensis, Campylobacter jejuni and Neisseria meningiditis. These species are spread throughout the bacterial superkingdom and are the only candidates for a fully conserved Atx pathway. None of the species contained single operons with members of all four Atx1p pathway families together. Surprisingly, a total of 11 species was found with a complete absence of all the families studied.
The preservation of known protein interactions between individual families was investigated because of the low number of cases where all components of the S.cerevisiae Atx1p pathway were present in a single genome. It is known that strong relationships exist between Atx1p and Ccc2p, and between Fet3/5p and Ftr1p/Fth1p in the S.cerevisiae Atx1p pathway. Atx1p and Ccc2p directly interact with each other to transfer copper from the chaperone to the P-type ATPase to be transported into the Golgi system (Huffman and O'Halloran, 2000) . Ftr1p/Fth1p and Fet3p/5p function together in a single complex, where the Fet3p/Fet5p oxidase function is required for high-affinity iron transport through Ftr1p/Fth1p (Stearman et al., 1996) . Indeed, there is a high degree of co-occurrence of the Atx and Ccc families in prokaryotic genomes (Table 2) . Co-occurrence was found in 45 out of 65 genomes containing a member of either family. Moreover, both families were found to be present in the same operon in 18 cases, providing strong evidence that they function in the same pathway. Two cases were found where a Ccc and a Fet family member were present in a single operon (Table 4, ID: 8, 40) . In contrast to the Atx/Ccc families, however, the link between the Fet and Ftr families is much less apparent. Co-occurrence in a genome could only be found in 7 out of 41 species, and none of these co-occurrences was contained in a single operon. No other Atx1p protein families were found to co-occur in operon structures.
Operon context analysis
Although the entire Atx1p pathway was not found to be present in prokaryotes in a single operon structure, a diverse group of genes was found to co-occur in operons with the gene families constituting the pathway. This indicated that gene family members could be involved in a variety of alternative pathways in prokaryotes. We developed a Web tool, SHOPS, to display gene families in their operon context, together with available annotation data on co-occurring genes and links to external databases. This tool has been made available online and it can be used to examine whether prokaryotic members of any gene family occur in a conserved operon structure (see Supplementary website). The available annotation data on the genes in each operon was used to manually assign a pathway context and function to all operons found. In addition, similarity between genes of different operons was indicated by mapping them to known COGs (Systems and methods section). Table 3 gives a listing by family of all COG assignments that were found to occur in at least two operons with one protein of the Atx1p pathway. Common gene names were used to describe COGs when these were found to be annotated for COG members from at least two species in a PubMed search. The major groups of genes found to co-occur with Atx1p pathway genes include those possibly involved in nickel resistance, transcription regulation, cytochrome c oxidase maturation and metal transport, including mercury homeostasis.
An overview of a group of 43 distinct operons that were present at least twice in any of the families, grouped by their functional role, is shown in Table 4 . A full SHOPS operon overview for each family can be accessed through the annotated protein families on the supplementary website. Despite the functional diversity of the co-occurring genes, most operons could be classified as involved in either detoxification or nutritional systems. Operons involved in nutrient systems were found in all gene families of the Atx pathway, while detoxification systems were restricted to the Atx, Ccc and Fet families. A further classification was made by grouping operons that have genes with overlapping COG assignments, and those with very similar function, together.
For example, one group of operons from the Atx family (ID: 15-17) was annotated as being involved in mercury detoxification, based on their similarity to a known mercury-resistance operon (Barrineau et al., 1984) . The Atx family members were similar to the merP mercury chaperone protein in this operon. In addition, the first two operons from Salmonella typhi (ID: 15,16) contained homologs to the co-regulatory gene merR, the uptake system merT and the mercuric ion reductase merA. Homologs to the accessory proteins merC and merE were also found, as well as a protein of unknown function (COG2200). The third operon (ID: 17) was much smaller and only contained homologs to merP in combination with the merA mercury reductase. Two additional operons in the Atx family only contained a conserved merR regulator in combination with a transglutaminase family protein (data not shown).
We also found evidence for the involvement of the Ccc family in mercury-related operons. Four family members show co-occurrence with merR homologs: one (ID: 39) occurs with a naphthalene 1,2 dioxigenase (ubiB) and another (ID: 37) with a putative lysophospholipase (pldB).
Detoxification systems
Operons containing Atx, Ccc and Fet family members were found to be involved in stress resistance and detoxification. They varied in function only from providing resistance to copper, to having a role in more general metal or stress resistance. In the latter group, an operon in Helicobacter pylori (ID: 5) has previously been described as involved in motility and stress adaptation (Beier et al., 1997) . Besides an Atx and Ccc family member, it contains the ribosomal protein L11 methyltransferase (prmA), a phosphatidyltransferase (pssA) and two heat shock proteins. This operon has been shown to be regulated by a single promoter and transcription is initiated by adding copper to the medium or by a heat shock from 37 to 45 • C (Beier et al., 1997) .
Two operons were found to be involved in general metal resistance. The first was present in C.jejuni (ID: 4) and contains a putative cadmium/zinc/cobalt transporter (czcD) in addition to an Atx and Ccc family member. The transporter shows a high level of similarity to a cobalt-zinc-cadmium efflux pump found in Alcaligenes eutrophus (Nies et al., 1989) . Another more general metal stress resistance operon (ID: 3) was found in Thermoanaerobacter tengcongensis. It consists of an Atx family member and a P-type ATPase. However, the P-type ATPase does not contain the characteristic motif found in copper transporters: rather, it is very similar to cadmium and zinc transporters. The third gene in the operon is a predicted transcriptional regulator homologous to arsR. This family comprises a set of proteins that dissociate from DNA in the presence of metal ions. Members of a COG assignments that were found to co-occur with a family member in an operon more than twice. b Common gene names for COG members or close homologs annotated in at least two species. c Number of times each COG was found to co-occur in an operon. d Number of co-occurrences in a conserved gene neighborhood without being part of the same putative operon.
the family include arsR, smtB and cadC, involved in resistance against arsenic, zinc and cadmium, respectively (Wu and Rosen, 1991; Morby et al., 1993; Endo and Silver, 1995) . The Fet family was found to contain a group of operons (ID: 32-34) with homology to the cop and pco copper resistance operons in Pseudomonas syringiae and Escherichia coli (Lim and Cooksey, 1993; Brown et al., 1995) .
Uptake systems
In addition to the metal and stress resistance operons, several operons were annotated as being involved in nutritional copper systems (Table 4) . These systems were found in all four families. A large group of 13 operons (ID: 18-26) was linked to COX maturation. These operons contain a set of genes, ccoGHOPQS, known to be involved in the assembly of COX (Koch et al., 2000) , and were restricted to the phylum of the proteobacteria. The occurrence of the Ccc2p family members is interesting since copper is needed as a co-factor of COX. In S.cerevisiae, copper incorporation into COX is dependent on the accessory factors Cox17p, Sco1p and Cox11p (Fig. 1 ) (Glerum et al., 1996a,b; Carr et al., 2002 ). An analysis of the set of non-redundant genomes, using these genes from S.cerevisiae as seeds, showed that proteins similar to Sco1p and Cox11p were indeed present in prokaryotes (data not shown). No matches could be found for the S.cerevisiae Cox17p protein. The putative Sco1p and Cox11p homologs were found to be present in all the proteobacteria containing the COX maturation operon. In these cases, the Sco1p and Cox11p family members are either not part of any operon structure or co-occur in an operon with COX subunits and accessory factors. Interestingly, one putative Sco1p homolog co-occurs in an operon (ID: 28) with a Fet family member and an additional gene of unknown function, in the proteobacterium Ralstonia solanacearum. The Atx and Ccc families could also be linked to the ubiquinone metabolism (operon ID: 27). One of the other genes in this operon is a member of the S-adenosyl-l-methionine-dependent methyltransferases (COG0500), involved in the ubiquinone synthesis pathway. A fourth gene was found to be involved in aromatic compound metabolism (COG0599). Several operons containing Ftr family members were associated with a protein (COG2822) containing a cupredoxin Superfamily (SSF49503) domain (ID: 31-33) (Gough et al., 2001) . The cupredoxin superfamily encompasses a large group of copper-binding proteins including type 1 blue copper proteins, cytochrome c oxidase subunits, multicopper oxidases and the complete Fet family. The Ftr family members also co-occur with an iron-dependent peroxidase (ycdB) in these operons. A putative homolog of this peroxidase is known in Geotrichum candidum, where it is excreted into the medium (Sugano et al., 2000) .
An operon associated with cell division was found in Rickettsia coronii and Rickettsia prowazekii (ID: 30), and contains a gene coding for a putative intracellular septation protein (ispZ). A third gene encoding a putative transmembrane protein (NOG09842) is also found in another operon lacking the septation protein gene (ID: 42), but containing a gene that could be involved in N-terminal protein myristoylation (tpd).
DISCUSSION
Our study shows that the individual elements of the S.cerevisiae Atx1p pathway are present in prokaryotes to varying degrees. The proportion of species containing family members ranges from 25% for the Ftr family, to as high as 79% for the Ccc family, out of a total of 80 non-redundant species investigated. In contrast to the Atx1p copper pathway, the copper import system of S.cerevisiae was not found in the prokaryotes studied. An extended search including all unfinished microbial genomes failed to produce any similar proteins. This makes it likely that the Ctr1-3p copper import system is unique to eukaryotes. Despite the high degree of conservation of the elements of the Atx1p pathway, we found little evidence that the pathway, as a whole, is conserved. Only six species contained all the pathway components in their genome, but in none of those the components were found in a single operon. Moreover, in all cases, a member of at least one of the families was part of an operon that indicated that it was involved in a different pathway. Finally, several members of the family were encoded on the chromosome while others were part of plasmid systems. Taken together, this evidence strongly suggests that there is no integrated Atx1p pathway present in the prokaryotes studied.
In contrast, a set of 43 putative operons containing an Atx1p pathway family member was identified in the prokaryotic genomes. These could be grouped into 18 distinct functional categories. The diversity in operon context indicates that the members of the S.cerevisiae Atx1p pathway are used in both nutritional and resistance systems to meet the variable needs in copper trafficking. A total of 11 species were found with a complete absence of all Atx1p pathway members. One of the species, Buchnera aphidicola, is an obligate intracellular symbiont with a much reduced genome size. The absence of Atx1p pathway members could be explained by the fact that the copper transport functions have been taken over by the host cell. No clear link could be found between the other organisms. In these cases, copper and iron transport functions could have been taken over by other systems, e.g. ABC transporters or multidrug resistant (MDR) proteins.
Copper specificity of Atx1p and Ccc2p family members
Based on the operon context, several members of the Atx family could be linked to mercury transport. This does not come as a surprise, considering that the physical properties of mercury and copper ions are very similar and that mercury transport systems analogous to copper transport systems have already been described (Barrineau et al., 1984) . The other members of the Atx and Ccc families are believed to be copper-specific, based on operon context and phylogenetic analysis. In a number of operons, co-occurrence with a copper-containing enzyme was found, or copper was shown to be directly relevant for the pathway inferred from the operon context. Additionally, the phylogenetic tree shows that the Ccc and Atx family members thought to be involved in mercury metabolism form distinct, highly stable clusters (bootstrap values >94, Supplementary Figures 3a and b) . This suggests that the mercury transporters and mercury chaperones share sequence characteristics that can be used to distinguish them from their copper-transporting counterparts.
Pathway diversity
Despite the apparent absence of an intact Atx1p pathway, the link between the Atx and Ccc families was found to be strongly conserved, suggesting that the functional interaction between the Atx and Ccc families is also present in prokaryotes. In contrast, the lack of co-occurrence of the Fet and Ftr families in a single operon suggests that their functional relation in iron transport observed in yeast does not extend to prokaryotes. This could mean that the prokaryotic Ftr family members perform a different function. Indeed, no involvement of bacterial proteins similar to S.cerevisiae Ftr1p/Fth1p in iron transport has so far been experimentally confirmed. At least one protein containing an Ftr1 domain (PFAM: PF03239) is known to be involved in lead detoxification (Borremans et al., 2001 ). Another possibility is that Ftr family members in prokaryotes use a different molecular transport mechanism. In this case, the oxidase function of Fet3p could be carried out by another protein. Good candidates for this role are a group of proteins (COG2822) that belong to the same structural cupredoxin superfamily (SSF49503) as Fet3, and co-occur with Ftr family members in several operons. Finally, differences in the redox state of the environment or the Ftr channel itself could abrogate the need for an accessory oxidase in transport function. Prokaryotic Fet family members are known to have a direct role in copper resistance. This is in accordance with the copper resistance function of Fet3p in S.cerevisiae (Shi et al., 2003) . Both the chromosomal cueO gene and its plasmid homolog pcoA encode a soluble periplasmic copper oxidase in E.coli (Brown et al., 1995; Outten et al., 2000) . Disruption of these genes renders the cells more sensitive to copper (Grass and Rensing, 2001; Lee et al., 2002) . The fact that several prokaryotic Fet family members were found to occur in operons related to the E.coli pco operon, suggests a similar role for these proteins.
For several protein families, involvement in pathways other than the one found in S.cerevisiae can be inferred from the operon context. One of the most prominent is associated with the Ccc family, and is involved in COX maturation. The occurrence of the Ccc family members in this pathway implies a direct role as copper importers. This is in agreement with experimental evidence that P-type ATPases serve as copper import proteins in, e.g. Enterococcus hirae (Odermatt et al., 1993) . In eukaryotes, the COX complex is located in the mitochondria. Mitochondria are believed to have originated from a symbiotic relationship between a proto-eukaryotic cell and a prokaryote containing a functional respiratory system (Martin et al., 2001) . It is currently thought that this ancestral prokaryote is of proteobacterial origin and it is tempting to speculate that ancestral mitochondria had their own copper transport system, given the co-occurrence of Ccc2 family members in COX maturation operons. The co-occurrence of both the Atx and Ccc families in an operon (ID: 27) with a ubiquinone synthesis enzyme provides another connection to respiratory processes. Ubiquinone is known to play an important role as an enzyme cofactor in the respiratory chain.
CONCLUSIONS
Our results on the conservation of one of the S.cerevisiae copper pathways show that evolutionary restrictions on the conservation of individual protein function might be tighter than restrictions on pathway composition. Exchanging proteins between different pathways can place a protein with a similar function in a different context. We were not capable of producing phylogenetic trees that could reliably root the S.cerevisiae seed genes in a prokaryotic domain. It was therefore not possible to determine from which prokaryotic operon context the S.cerevisiae pathway members originated. Good gene conservation does not necessarily mean good pathway conservation in the case of copper metabolism, even when this is suggested by the presence of a full set of putative homologs in the genome. (Dandekar et al., 1999) reached a similar conclusion in a comparable study in 16 prokaryotes and S.cerevisiae, in which they demonstrated the plasticity and versatility of the glycolysis pathway. The high degree of flexibility of basal processes like copper homeostasis and glycolysis may indicate that pathway diversity is common to the prokaryotic domain. This diversity could be caused by differences in the living conditions of the prokaryotes studied, since different habitats would place different requirements on the way copper is handled. We should therefore be careful when using model organisms such as E.hirae and E.coli to study aspects of copper metabolism. Our identification of many genes as part of prokaryotic copper-related operons, which were not previously known to be involved in copper metabolism, provides a novel entrance to the study of copper homeostasis. Determining the operon context in prokaryotes can be a valuable tool in assessing the type of pathways that genes are involved in and we are therefore providing a Webbased tool, SHOPS, for examining the operon context for any set of proteins (http://www.bioinformatics.med.uu.nl/shops/).
